Keywords: dissolved organic matter (DOM) / particulate organic matter (POM) / throughfall / fluxes and concentrations / temperate forests Abstract • Dissolved organic matter (DOM) and its main constituents carbon (DOC) and nitrogen (DON) represent an important part of the C and N cycles in forest ecosystems. Although many investigations have been addressing this issue, the knowledge on particulate organic matter (0.45 μm < POM < 500 μm) dynamics, its origin and involvement in organic matter cycling in forest ecosystems is still imperfect.
INTRODUCTION
Fluctuations in throughfall composition have been reported from coniferous (Manderscheid and Matzner, 1995) and also from deciduous forests (Currie et al., 1996) . Annual throughfall concentrations of dissolved organic carbon (DOC) in temperate forest ecosystems highly vary between 3 and 35 mg L −1 , those of dissolved organic nitrogen (DON) between 0.25 and 1.11 mg L −1 . As principle drivers behind differences in throughfall composition, divers abiotic and biotic processes likely take part in forming varying energy and nutrient transfer patterns. In this context, studies demonstrated that precipitation patterns (allowing organic matter to accumulate in the canopy during dry periods and to get remobilized during re-wetting events) (Mercier and Lindow, 2000) , canopy architecture (Levia and Frost, 2006) , atmospheric ecosystem deposition (e.g. pollen, inorganic N deposition) (Lamersdorf and Blank, 1995) , increased nutrient leaching from damaged leaves and immobilization processes within the canopy mediated by phyllosphere micro-organisms (Stadler and Müller, 2000) are considered to be responsible for different release patterns.
While several investigations have sought to understand the nature and dynamics of DOM in terrestrial ecosystems (Currie et al., 1996) , only few studied the dynamics, origin and involvement of particulate organic matter (0.45 μm < POM < 500 μm) in nutrient cycling of forested ecosystems. We are only aware of three studies, which were conducted by Carlisle et al. (1966) in a mature oak stand, by Sollins et al. (1980) reporting on micro-particulate matter fluxes (< 0.5 μm) with throughfall in an old-growth Douglas-fir forest ecosystem, and by Lamersdorf and Blank (1995) within the Solling roof project under spruce. The latter exhibited a significant additional input of organic carbon and nitrogen in throughfall via the particulate fraction amounting to 11-15% for carbon and to 14-21% for nitrogen relative to the total annual input by litter-fall and throughfall (< 0.45 μm) . Additionally, the low C to N ratios between 12-14 supply evidence for an enhanced susceptibility to fast microbial decomposition. Recently, le Mellec and Michalzik (2008) found a significant contribution of particulate organic N (PON) providing an extra input of up to 30% to the dissolved N fluxes with throughfall in pine forest stands in northern Germany. Consequently, all studies demonstrated the quantitative importance of the particulate organic matter fraction and its consideration within the C and N budget of forests. However, detailed information on the nature, origin and the environmental factors governing the dynamics of canopy-derived POM are still scarce.
The transfer of organic matter and nutrients between tree canopies and the soil compartment is regarded as an important connective pathway between the above and below ground system, exhibiting e.g. inter-linkages between tree species and spatial and temporal patterns of soil acidity and cation cycling in temperate forests (Finzi et al., 1998) . Additionally, field studies and meta-analyses of literature data support the idea, that canopy-derived organic matter inputs considerably affect organic matter and nutrient dynamics in the forest floor. For temperate forest ecosystems, Michalzik et al. (2001) found that variations in annual DOC and DON throughfall fluxes explain 46% and 65% of the variability in annual DOC and DON fluxes from the forest floor, while water fluxes alone did not explain a significant portion of the variability.
To reveal tree canopy-soil interactions the accurate determination of input fluxes to the soil is of central importance. However, since element and nutrient fluxes are conventionally measured after standard filtration (0.45 μm pore size), the exclusion of the particulate/unfiltered organic matter fraction (0.45 μm < POM < 500 μm) potentially results in misleading inferences and budgeting gaps when studying nutrient and energy fluxes in ecosystems.
Yet another aspect might come into focus, dealing with feedback mechanisms covering the climatic change-associated increase in atmospheric CO 2 concentrations and effects on throughfall composition. In this context, Lichter et al. (2000) investigated in a FACE (Free Air CO 2 Enrichment) study the impact of increased CO 2 concentrations (∼560 ppm) on throughfall composition gathered in a loblolly pine forest. They found that within two years the DOC deposition increased by about 48% compared to the control, apparently indicating an enhanced availability of leaf-derived easy soluble C compounds. Findings by Hagedorn et al. (2008) for 411p2 Canopy-derived dissolved and particulate organic matter Ann. For. Sci. 67 (2010) 411 alpine forest ecosystems corroborate trends of increased DOC due to increased atmospheric carbon concentrations. According to these results, it is worthwhile to study the current transfer amounts of OM in solutions from the canopy to the soil to determine a basis for assessing future changes. Additionally, human-induced impacts (e.g. air pollution) lead to enhanced atmospherically depositions, especially of inorganic N-species, which affect input situations and thus the biogeochemistry of forest ecosystems, and plausibly canopy processes as well (Aber et al., 1989; Rennenberg and Gessler, 1999) .
In the present study we aim to clarify the following hypotheses: (i) the canopy is a relevant source also for particulate organic matter (POM) within the C and N budget of forest ecosystems; (ii) the quantity and temporal dynamics of DOM and POM in broadleaved forests (beech) differ from those in coniferous ones (spruce); (iii) canopy-derived POM is built up by different sources, which encompass pollen, atmospheric deposits, leached plant biomass, phyllosphere microbial biomass and excretions of phytophagous insects and finally that (iv) different environmental factors contribute to the release of POM.
To test our hypotheses, we followed the concentrations and fluxes of DOM and POM at a mature beech (Fagus sylvatica L.) and a Norway spruce (Picea abies L.) forest site in Central Germany over a period of two and a half years (2005) (2006) (2007) . Bulk and throughfall precipitation were sampled in weekly (2005) and fortnightly (2006) (2007) intervals and analyzed for dissolved (< 0.45 μm, filtered) and total (< 500 μm, unfiltered) amounts of organic carbon (DOC, TOC, POC) and nitrogen (TN, DN, PON, NO 3 -N) species. Proportions of particulate organic C and N were determined by difference between total and dissolved fractions.
MATERIALS AND METHODS

Site description
The study was carried out at the Level II monitoring sites B1 and F1, a mature beech and spruce stand, respectively, in the Solling mountain area (Lower Saxony, Germany) located at 500 m a.s.l. The climate is classified as humid and sub-continental with a low mean annual temperature (6.9
• C), and high mean values of precipitation (1193 mm) and relative humidity (82%) (period 1990 (period to 2002 (period , Panferov et al., 2010 .
The coniferous site (F1) is planted on former grassland with Norway spruce (Picea abies Karst) of about 125 y of age and is approximately 1 ha large. The stand density is 465 trees ha and is classified as very dense (Meesenburg, unpublished (Matzner and Meiwes, 1994) .
At both sites, soils have developed from the same parent material encompassing a loess layer (eolian silt cover) over Triassic sandstone, which is typical of the Solling region (Ellenberg et al., 1986) .
Experimental set up
Our investigations covered a period of approximately 2.5 y, starting in mid-April 2005 ending in mid-December 2007. The analyses focused on the determination of organic C and N concentrations in throughfall and bulk solutions.
Bulk precipitation was collected in three replicates at an open area near the forest site using open funnel samplers of 326 cm 2 sampling area. Throughfall solution was sampled by collectors of the same type, arranged in a grid scheme (3 rows with 5 samplers each), yielding 15 replicates each on the spruce and the beech site. Five throughfall samples each were pooled, resulting in 3 mixed throughfall samples per study plot and sampling date. Sampling was performed in weekly intervals from April to December 2005, and in fortnightly intervals for the rest of the sampling period. Element fluxes were calculated from measured water volumes and element concentrations.
In 2006 a significant part of the spruce site was infested by bark beetles requiring a partial clear cut of the study plot. Consequently, sampling at the spruce site was interrupted from August 8th to October 31st, until the rain samplers were moved to an adjacent area within the same stand 20 m away from the former one. In late September 2006, the beech plot was infested for a short time by phytophagous larvae of the lymantrid moth (Dasychira pudibunda), though without changing the sampling protocol.
Chemical analysis
In our study we considered following compounds and fractions: total organic carbon (TOC) which includes the fractions dissolved organic carbon (DOC < 0.45 μm) and particulate organic carbon (> 0.45 POC < 500 μm). Moreover, total nitrogen (TN) which consists of the fraction dissolved nitrogen (DN < 0.45 μm) and particulate nitrogen (> 0.45 PN < 500 μm). DN includes the inorganic (NH 4 , NO 3 ) and organic (DON) forms.
One aliquot of the bulk/throughfall solutions was 0.45 μm membrane-filtered (Cellulose-acetate filters, Sartorius). The analysis included the determination of dissolved organic carbon (DOC) and dissolved nitrogen (DN) by thermal oxidation (Dimatoc 100, Dimatec, Essen, Germany), and NO − 3 by ion chromatography (761 Compact IC, Metrohm). From the difference between DN and NO 3 -N we calculated "residual-N" consisting of NH 4 -N and dissolved organic nitrogen (DON).
In unfiltered aliquots, total organic carbon and total nitrogen (TOC and TN < 500 μm) were also assessed by thermal oxidation (Dimatoc 100, Dimatec, Essen, Germany), where the upper particle size limit of 500 μm was given operationally by the capillary diameter of the TOC/TN-analyzer. Particulate organic carbon (POC) was calculated as difference between TOC and DOC and particulate organic nitrogen (PON) as difference between TN and DN. Since the dissolved species nitrate and ammonium do not contribute to the particulate N fraction (> 0.45 μm), we therefore hypothesize, that PON 411p3 Ann. For. Sci. 67 (2010) 411 A. Le Mellec et al. 
Statistical analysis
The non-normal distribution of the data implicated the application of non-parametric tests. Accordingly, we applied the Spearman's test for correlation analysis and the Man-Whitney-test (U-test) to test for statistical differences. All tests were carried out by program packages of SPSS Statistics.
RESULTS
Concentrations in throughfall solutions
For most of the dissolved and total C and N species (with the exception of PON) average throughfall concentrations under spruce were significantly higher than those under beech (Tab. I). Statistical tests exhibited significant differences between the two tree species. Average throughfall concentrations under beech were 8.7, 1.9 and 10.8 mg L −1 for DOC, POC and TOC, respectively, and 2.79, 0.81, 0.80 and 3.14 mg L −1 for DN, PON, NO 3 -N and TN. With the exception of PON, corresponding values under spruce were approximately twice as high exhibiting 15.1, 2.9 and 18.0 mg L −1 for DOC, POC and TOC, respectively, and 5.23, 0.58, 1.85 and 8.20 mg L −1 for DN, PON, NO 3 -N and TN (Tab. I).
Independent from tree species, concentration levels were found to vary annually with minimum average concentrations occurring in 2007 (Tab. I). Furthermore, for DOC, TOC, DN and TN, throughfall concentrations exhibited pronounced differences between the growing and the dormant season with statistically significantly higher concentrations during the growing season at a P-level < 0.001 (Man-Whitney-U-test, data not shown).
Temporal dynamics of throughfall concentrations
At both sites, the concentrations of DOC, TOC, DN and TN were temporally highly fluctuating revealing a relation to seasonal patterns which showed larger values during the summer months compared to the rest of the year (Figs. 1-4 ). Dissolved N composition at both sites exhibited higher proportions of "residual-N", representing DON and NH 4 The date in 2005 marked a period with high rain amounts which followed a one-month drought period in April, likely washing-off previously accumulated matter from the canopy. In May 2006 remarkable amounts of spruce pollen were released from the canopy, significantly enhancing POC and PON under beech. In September 2006 phytophagous larvae attacked the beech plot for a short time. The frass-mediated insect faeces appeared to contribute to dissolved and particulate organic matter (Figs. 1 and 2 amounts of throughfall water resulted in highly significant negative correlations. Furthermore, the concentrations revealed significant positive relation with solution pH as well as with electric conductivity (Tab. II).
Matter fluxes with throughfall solution
Although higher throughfall water fluxes were recorded under beech, annual fluxes of C and N fractions were significantly higher under spruce (6-41% for TOC and 9-33% for TN). Consequently, larger fluxes of dissolved and particulate C and N fractions, accumulated over the course of the entire sampling period, were observed in throughfall solution collected under spruce, amounting to 261.8 kg DOC ha −1 , 312.6 kg TOC ha −1 , 66.9 kg DN ha −1 and 77.7 kg TN ha In average, 80% of DOC and TOC and 70% of DN and TN were released during the growing season at the beech site, compared to 60% for C and N at the spruce site. Slightly lower proportions were observed for NO 3 -N and "residual-N" (Tab. IV).
Fluxes of POC at the beech site, relatively stronger contributed to TOC than those at the spruce site (12-19% for spruce and 10-30% for beech, respectively) (Tab. IV). This became particularly apparent during the growing season. Here, 85% of POC were transferred from the canopy to the soil, compared to 65% under spruce (Tab. IV). Fluxes of PON similarly contributed by 10-17% (for spruce) and by 7-20% (for beech), respectively, to the total nitrogen fraction (TN). Proportions of inorganic N species nitrate-N in DN amounted to 42-43% under spruce and to 37-41% under beech, respectively.
The fluxes of dissolved and particulate C and N species were strongly related to the water fluxes exhibiting correlation coefficients (Spearman r) of 0.73 for DOC, 0.75 for POC, 0.65 for DN and 0.63 for PN for spruce and of 0.92 for DOC, 0.89 for POC, 0.75 for DN and 0.72 for PN for beech.
In general, throughfall solutions collected at the beech site revealed significantly (P < 0.05) higher pH values than solutions under spruce, accompanied by significantly lower EC values and C/N ratios in the dissolved and particulate solution fraction (Tab. V). Compared to the dormant season, pH and EC values increased significantly during the growing season, for both tree species (P 0.05 for beech and P < 0.001 for spruce).
DISCUSSION
Pronounced changes in throughfall composition and element fluxes with time and space have been numerously reported from coniferous and deciduous forests (Currie et al., 1996; de Schrijver et al., 2007; Matzner and Meiwes, 1994) . Different interacting processes such as e.g. precipitation patterns (Mercier and Lindow, 2000) , tree species canopy architecture (de Schrijver et al., 2007; Levia and Frost, 2006) , atmospheric ecosystem deposition (Lamersdorf and Blank, 1995) , nutrient leaching from leaf biomass, and immobilization processes within the canopy mediated by phyllosphere microorganisms (Stadler and Müller, 2000) are under debate to explain the varying energy and nutrient transfer patterns with throughfall solution. In the present study, we observed tree species related differences in throughfall concentrations and fluxes of dissolved and particulate C and N compounds as well as seasonality effects. In the following we focus on the discussion on seasonality effects encompassing abiotic and biotic factors, tree specific characteristics, canopy architecture, and leaf functionality.
Throughfall solutions do not reflect the element and matter input by bulk precipitation as they underwent chemical alterations during canopy passage, where they interact with various sink and source processes (Draaijers and Erisman, 1995) . Consequently, to date it is still difficult to separate internally originating compounds from external inputs. In this context, isotopic labeling appears as a powerful but technically demanding tool for tracking substances in ecosystems. However, the pattern of temporal variations of concentrations and fluxes might provide information with regard to the processes they were subjected to and their abiotic and biotic origin. It is suggested that seasonality-induced patterns of concentrations and fluxes reflect processes of matter accumulation (impaction, interception) on and its release (leaching) from leaves depending on (i) abiotic (physical, meteorological, chemical) and (ii) biotic factors . From this, one can likely conclude on the origin of compounds.
Abiotic factors
Water-flux with precipitation
Our results exhibited significant negative correlations between throughfall water-fluxes and C and N concentrations in throughfall solution, which indicate a limited source system, where the pool of releasable matter appeared to be replenished quickly since, throughfall matter fluxes are positively related to water-fluxes. Given the fact that the interception rate of airborne substances remained constant during a season, it is assumable that internal release processes from leaves (accumulation e.g. through excretion) and therefore a contribution to the throughfall appeared temporally (growing season, dormant season) as well as spatially (beech, spruce) dependent. With regard to the precipitation events (duration, intensity and occurrence), internally mediated matter inputs can differ. During periods of low or absent precipitation, compounds may accumulate on leaves and needles (Zhang et al., 2006) . With subsequent rainfall compounds are washed-off, causing amplified concentrations and fluxes of C and N compounds with throughfall.
Air temperature
Our results exhibited significant correlations between the C and N concentrations in the throughfall and the air temperature likely promoting the biological production of organic compounds during the growing season. Former studies reported on the correlation between increasing rates of chemical, physical and biological processes within the canopy cover and increased air temperature (Hosker and Lindberg, 1981) . The observed seasonal dynamics can be therefore related to more favorable abiotic conditions resulting in an increased release (internal) or deposition (external) of compounds in and on leaf surfaces (Weseley, 1989) . For instance, Weseley (1989) reported that the deposition of compounds on leaf surfaces depends on the stomatal resistance, which is conducted by temperature, radiation conditions and vapor pressure deficit.
Biotic factors
Phyllosphere micro-organisms
With leaf shooting in May (beech) and increasing temperatures, different groups of sessile and mobile organisms in the canopy like yeasts, bacteria, filamentous fungi and (Kinkel, 1997) epiphytic plants become active and thus contribute to matter decay, chemical transformation and nutrient immobilization and release processes into throughfall solutions (Berg and Meentmeyer, 2002) . This aspect might explain, why during the growing season with increasing tree physiological activity, enhanced C and N concentration were observed at both forest sites. Furthermore, the enhanced concentrations of the "residual-N"-fraction (DON + NH 4 -N) in throughfall might point to organic matter production resulting from microbial activity (Stadler and Müller, 2000) . Our results demonstrate that the particulate fraction of C and N compounds occurred mainly during enhanced matter production and release from the leaf shooting period onwards and during the activity of herbivore and xylobiontic insects like in 2006.
Particulate organic carbon considerably adds to DOC by about 30% (beech) and 16% (spruce) over the whole sampling 
Insect herbivory
How remarkably biological processes can affect throughfall composition is demonstrated by various studies on canopy-active insects and their contribution to altered throughfall solution composition (le Mellec and Michalzik, 2008) . Herbivory can alter the throughfall composition by enhancing the organic N and especially the organic C concentrations. This appeared as strong concentration peak in September 9th, where the beech stand was infested by the leaf-feeding lymantrid moth (Dasychira pudibunda). Under infestation and due to leaf feeding activity high amounts of foliar material were transformed into faeces and entered the soil system as solid or particulate C and N compounds.
In 2006 the spruce stand was also infested by the six dentated bark beetle (Pityogenes chalcographus) and the European spruce bark beetle (Ips typograhus). It is suggested, that needle excretion increased due to altered tree physiological circumstances from which enhanced C and N concentrations in the throughfall chemistry derived. The peak in August 2006 firstly indicates this phenomenon. Level of significance (* p < 0.05, ** p < 0.01, *** p < 0.001) indicating differences between beech vs. spruce throughout the whole sampling time (2005) (2006) (2007) and between the dormant and growing season.
Canopy properties
Rainfall composition is altered as the water passes the canopy system (Lovett and Lindberg, 1993) . The foliage and branches function as major nutrient-specific sinks and sources, consequently retaining and removing nutrients on the sites (Prescott, 2002) . The release and absorption (sink/source function) depends on structural properties of the canopy and reactive leaf surfaces, too.
Tree species effect
It is suggested that during tree shooting at broadleaved sites, nutrient up-take from the soil is amplified whereas concurrently the cuticle layer has not been established completely. In particular, the epicuticular wax layer which protects leaves from high water and nutrient losses is absent, from which increased leaching losses might result. Enhanced C and N concentrations at the end of the summer are presumably derived from leaf senescence, when the cuticle layer becomes thinner and permeable due to decomposition processes (Ibrom, 1993) .
Canopy structure
Coniferous canopies differ with regard to structural and functional aspects from those of broadleaved ones. This aspect is attested by our results which exhibited higher C and N concentrations in throughfall solution collected under spruce compared to those of beech, especially during the growing season when both stands are foliated. Our findings corroborate the results observed in other studies which report on higher throughfall depositions in coniferous stands (de Schrijver et al., 2007) . The canopy structure influences the aerodynamic resistance and deposition velocity, on which the airborne accumulation depends. Furthermore, the deposition speed depends on the horizontal wind velocity and the structure of the acceptor surface. The structure of spruce twigs including their needles favors the deposition by impaction and diffusion processes. In this context, coniferous canopies show a higher filtering capacity to airborne compounds than those of broadleaved ones exhibiting a higher interception rate of 30 to 40% of the gross precipitation, while beech canopies only intercept 17-20% of the gross precipitation (Rothe et al., 2002) . Furthermore, tree habits and architecture of beech and spruce differ in such manner, that in beech stands water fluxes with nutrients are guided into the tree center (stem), resulting in high stem flows (up to 20% of the total precipitation) (Chang and Matzner, 2000) , whereas water fluxes in spruce stands are guided away from the canopy center resulting in higher fluxes from the overall canopy (Seiler and Matzner, 1995) .
Higher concentrations of C and N compounds in throughfall solutions at the spruce site might be explained by internal and external inputs. Interception at spruce trees is higher resulting in higher accumulation rates of airborne particles, due to a denser foliage, a higher LAI (Leaf Area Index) of 20.5 compared to 6.5 m 2 m −2 at the beech site, higher needle surface roughness and higher leaf longevity (Rothe et al., 2002) .
CONCLUSIONS
The results of our field experiment clearly support the hypothesis that the canopy is a relevant source for particulate organic matter (POM) in forest ecosystems, representing between 20-30% of the TOC and 10-20% of the TN fluxes with throughfall. We further found, that the quantity and temporal dynamics of DOM and POM in broadleaved forests differ from those in coniferous ones, in that element concentrations were twice as high and throughfall fluxes at least 1.6 times higher under spruce than under beech. The canopy-derived POM is built up by different sources, which we found to encompass pollen deposition, excretions of phytophagous insects, atmospheric deposits and temperature driven microbial-derived products. Environmental factors such as air temperature and rain patterns (dry and wet periods) promote the production and release of POM.
